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Prediction of Falling Cylinder Through vk piane, andk,, perhsendicular tdy, in the IMK plane. The unit

the Water Column vectors of the M-coordinate system are given(Big. 2
im=kXiy, Kku=iuXju. 3)

Peter C. Chu, Chenwu Fan, Ashley D. Evans, The M-coordinate system is solely determined by orientation of
and Anthony Gilles the cylinder’s main-axis, . Let the vectol be represented ByP

Department of Oceanography, Naval Postgraduate Scholthe E-coordinate and BYP in the M-coordinate, and IgjR be
833 Dyer Road, Monterey, CA 93943 the rotation matrix from the M-coordinate to the E-coordinate,
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Triple coordinate systems are introduced to predict translation MR(¥2.#3)=|T21 T2z T23| = sing;  cosyz 0
and orientation of falling rigid cylinder through the water col- F31 rap a3 0 0 1
umn: earth-fixed coordinate (E-coordinate), cylinder’s main-axis .
following coordinate (M-coordinate), and hydrodynamic force fol- cosy, 0 siny,
lowing coordinate (F-coordinate). Use of the triple coordinate X 0 1 o |, )
systems and the transforms among them leads to the simplification
of the dynamical system. The body and buoyancy forces and their
moments are easily calculated using the E-coordinate system. -W'ﬁch representsi(, i k
hydrodynamic forces (such as the drag and lift forces) and their P s K,

—sinyg, 0 cosy,

moments are easily computed using the F-coordinate. The cylin- My ro I3
der's moments of gyration are simply represented using the i=|r =l Ko=|r (5)
M-coordinate. Data collected from a cylinder-drop experiment at M r21 rM rzz ' M r23 ’

31 32 33

the Naval Postgraduate School swimming pool in June 2001 show

great potential of using the triple coordinate transformsiyansformation ofP into EP contains rotation and translation,
[DOI: 10.1115/1.1651093

SP=RR(¥2,4) P+ X. (6)

1 Introduction Let the cylinder rotate aroundiyf,ju.Ky) with angles
Consider an axially symmetric cylinder with the centers olaﬁéalpé)’/%) (Fig. 2). The angular velocity of cylinder is calcu-

mass(X) and volume(B) on the main axigFig. 1. Let (L,d,x)
represent the cylinder’s length, diameter, and the distance between de, de, des
the two points(X,B). The positivey-values refer to nose-down O @S g 93T gp @)
case, i.e., the center of ma@SOM) is lower than the center of t t t
volume (COV). Three coordinate systems are used to model the, 4
hydrodynamics of falling cylinder through the water column:
earth-fixed coordinatéE-coordinatg cylinder’s main-axis fol- dy, de, dy;  des
lowing coordinate(M-coordinate, and hydrodynamic force fol- 1=, gt dt % Tt T at (8)
lowing coordinate (F-coordinatg All the systems are three-
dimensional, orthogonal, and right-handed. If (w1,0,,w3) are given, time integration of7) with the time

. ) interval At leads to
2 Triple Coordinate Systems

Api=wAt, Apy,=wyAt, Apz=wjAt. 9
2.1 E-Coordinate. The E-coordinate is represented by e, P2 @2 #3703 ©

Fe(O,i,j,k) with the origin “O,” and three axesx, y-axes(hori-  The increments 4 ¢,,A ;) are determined by the relationship
zonta) with the unit vectorsi j) and z-axigvertica) with the unit  petween the two rotation matric&R(y,+ A, s+ As) and
vectork (upward positiveé The position of the cylinder is repre- E R(, 1)

sented by the position of the COM, M 273

X=xi+yj+2zK, ) MR+ Ay, that Aiha)
which is translation of the cylinder. The translation velocity is cofAp;) —sin(Agz) O
given by ER(Jy )| SiMAgs)  cogAgs) O
XV, Ve(uow. ©) 0 0 1

dt

cogAg;) 0 sinAg,)
2.2 M-Coordinate. Let orientation of the cylinder’s main- % 0 1 0 (10)
axis (pointing downwardl is given byiy,. The angle betweeiy, '
andk is denoted byy,+ /2. Projection of the vectdg, onto the —sin(Agy) 0 cosAe,)

(x,y) plane creates angley§) between the projection and the . . .
x-axis (Fig. 2. The M-coordinate is represented by 2.3 F-Coordinate. The F-coordinate is represented by

Fu(Xoing siu -Ky) With the origin “X,” unit vectors iy »ju K, Fe(X,ig,jg,Kp) with the origin X, unit vectors {¢,jr,kg), and

: - coordinates Xg,Yg,zg). LetV,, be the fluid velocity. The water-
and coordinatesxy ,Ym ,Zy)- In the plane consisting of Vecmrsto-cylinder velocity is represented b=V, V, that is decom-

posed into two parts,
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I "P=ER(, /3, bue) P+ X. (15)
A Use of the F-coordinate system simplifies the calculations for the
lift and drag forces and torques acting on the cylinder. Since the
X [ M and F-coordinates share a common aijs=ig, the rotation
matrix from the F to M-coordinate systems is given by
d Ri X i FR=ERER=[{R™ (42, ¥3) FR(¥2. U3, buiF)
T L _ " 1 0 0
“— ) —>e— ) —F =|0 eypn ex|, (16)
Fig. 1 M-coordinate with the COM as the origin X and  (ipm.jm) 0 ez e
as the two axes. Here, x is the distance between the COV (B) . . . . . L
and COM, (L,d) are the cylinder's length and diameter. is two-dimensional with the rotation matrix given by
e e
M 22 23
E=[e , = , = 17
F [ &], & €3 €3 €33 (17)

whereV is the component paralleling to the cylinder’'s main-axis . . .
(ie., alolngiM), andV, is the component perpendicular to the L€t the cylinder rotate aroundg(jr,kg) with the angular ve-

cylinder's main-axial direction. The unit vectors for thelOCity components represented byj(,w;,ws3) (Fig. 2). They are

F-coordinate are defined kgolumn vectors connected to the angular velocity components in the M-coordinate
system by
M ,
ir=iu=| 21|, §e=Vo/|Va|, ke=igXjr. (12) ol oy, w; _EE w2 | (18)
M3t w3 w3

The F-coordinate system is solely determined by orientation of tlée . . -
cylinder’s main-axis i) and the water-to-cylinder velocity. Note 3 Prediction of Hydrodynamic Characteristics
that the M and F-coordinate systems have one common unit vé&d-Falling Cylinder

tor iy (orientation of the cylinder

E . ; : . 3.1 Translation Velocity. The translation velocity of the
E-lggf)rfjli?natig the rotation matrix from the F-QoordiRate to the(:ylinder (V) is governed by the momentum equation in the

E-coordinate system,
! !
11 T T3

E ’ ’ . . d u 0 1 FX
FR(Yo Y3, dmp)=|T2r T2 Tas|,  dme=(im i), gl l=- 0 |+=|Fy|, (19)
a1 T3 fas w (1-pulp)g] PULF,

) (13) whereg is the gravitational acceleratiop;is the average cylinder
which leads to density; p,, is the water densityll is the cylinder volume; and
plI=m, is the cylinder mass;Hy,F,,F,) are the hydrodynamic

’ !
IR r}Z r}S force (including drag and lift forcéscomponents. The drag and
ig=|Ta1|, Je=|T22|, Kkg=|T2s|. (14) " |ift forces are calculated using the drag and lift laws with the
31 I3 M3 given water-to-cylinder velocity\(,) that is calculated using the

Here, ¢ is the angle between the two unit vectojg (jg). Let F-coordinder

the vectorP be represented byP in the F-coordinate. Transfor- 3.2 Cylinder's Orientation. It is convenient to write the

mation of PP into P contains rotation and translation, moment of momentum equation
K K
'fi\ = Mg
7 km
[ 7
N i QZ/\»QS -
< i
<« sl
- -
< < \\‘L /7((,/;////
. M_,M:,r'ﬁg
i e .
m Y £ %
w1 S
R ¢ .
iAo !rn‘li
Fig. 2 Three coordinate systems
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dw
J.—

dt :Mb+Mh!

(20)

in the M-coordinate system with the cylinder’s angular velocit§Ylinder Mass(g) L (cm)

components@; ,w,,w3) defined by(7). Here,M,, andM, are the

body and surface force torques. The moment of gyration tensor for 1

the axially symmetric cylinder is a diagonal matrix

Jj 0 0
={0 3 o] 1)
0 0 Jg

whereJ;, J,, and J; are the moments of inertia. The gravity

Table 1 Physical parameters of the model cylinders

\olume

(cm?)
191.01

Pm Jp X J2(J3)
(gm™>3) (@) (cm (gm)

1.69 3305 0.00 6087.9
0.74 5783.0
1.48 6233.8

271.3 0.06 3424.6
0.53 3206.5
1.00 3312.6

235.0 0.00 1695.2
0.29 1577.5
0.58 1556.8

322.5 15.20

2 254.2 12.10 152.05 1.67

3 215.3 9.12 11461 1.88

force, passing the COM, doesn’t induce the moment. The buoy-

ancy force induces the moment in thg direction if the COM
doesn't coincide with the COVi.e., x#0),

Mp=1IIxpyg COSiojy - (22)
The moment of the hydrodynamic force ip direction is not

caused by the drag and lift forces, but by the viscous fluid. T
moment of the viscous force is calculated (yhite [1])

lezf le2 7T/LLd2 (23)

When the cylinder rotates aroupdwith the angular velocity» ,
the drag force exerts the torque on the cylinder injthéirection
(Mg,) and in thekg direction Mg43). The lift force exerts the
torque on the cylinder in thg: direction (M;,). The moment of
hydrodynamic forceM,

Mp=M,1+Mg+Mgz+M,

Crio1iF,

(24)

dropping cylinders whose physical conditions are illustrated in
Table 1 into the water and recording the position as a function of
time using two digital cameras &30 Hz) as the cylinders fell 2.4

H‘geters to the pool bottom. After analyzing the CODEX experi-

mental data, seven general trajectory pattéfiable 2 are iden-
tified: straight, slant, spiral, flip, flat, see-saw, and combination
(Fig. 3. Dependence of the trajectory patterns on the cylinders’
physical parameters and release conditions are illustrated in Table
3. The theoretical model predicts the motion of cylinder inside
the water column reasonably well. Two examples are listed for
illustration.

Positive x (Nose-Down. Cylinder #1 (=15.20cm, p
=1.69 gcm %) with y=0.74 m is injected to the water with the
drop angle 45 deg. The physical parameters of this cylinder are

is represented in M-coordinate. Note that the M and F-coordinagéven by

systems have the samgaxis, iy=ir. The equations for
(w1,w5,w3) are given by

dwl
W:_alwl, (25)
d[w, wz}
a w3 7—8.[‘03 +ay, (26)
where
ml
a;=-—=8mulL/m,
1
— 0
Ja T T T
B= -(Cm26232+cm383%_cm|82%),
° 3
° @7
1
5 ° I 1
x9p
a= (M8~ M3e;) + ~ cosy, 0}-
1 Jz
0o —
J3
Here, M,=1/2dp,, /(1+f,)LV3y, M;=1/2C4,dp,, /(1

+1f,)ViLy, andf, is the added mass factor for the moment of

drag and lift forces. Equatiof25) has the analytical solution
w1(t)=wy(tg)exd —a,(t—to)], (28)

m=322.5 g, J;,=330.5 g cm, J,=J;=5783.0 g Cr.
(29)

Undersea cameras measure the initial conditions

X0=0, Yo=0, 7z,=0, ug=0, vg=—-1.55 m st
_ <1
Wy 252 m s+, (2%)
h10=0, 20=60 deg, 3=—95deg, wi0=0,
(!)20:0.49 S_l, 0)3020.29 S_l.

Substitution of the model parametd9a) and the initial condi-
tions(29%) into the theoretical modé(19), (26), (28)) leads to the
prediction of the cylinder’s translation and orientation that are
compared with the data collected during CYDEX at time steps
(Fig. 4). Both model simulated and observed tracks show a slant-
straight pattern.

Table 2 Trajectory patterns

Trajectory Description
Pattern
Straight Cylinder exhibited little angular change abe#xis. The

attitude remained nearly parallel with z-axis15 deg.

Slant Cylinder exhibited little angular change about z-axis. The
attitude was 45 deg off-axis (=15 deg.
Spiral Cylinder experienced rotation abauéxis throughout the

water column

which represents damping rotation of the cylinder around the,
main axis {y). The Euler-typed forward difference is used tdlat

solve the five Eqs(19), (26), and(298). S
eesaw

4 Model Evaluation

The Cylinder Drop ExperimerCYDEX) was conducted at the compin-
Naval Postgraduate Scho®PS in July 2001(Chu et al[2]) to  ation

Initial water entry point rotated at least 180 deg
Cylinder’s angle with vertical near 90 deg for most of the
trajectory

Similar to the flat pattern except that cylinder’s angle with
vertical would oscillate between greatgess than 90 deg
and less
(greatey than 90 deg like a seesaw
Complex trajectory where cylinder exhibited several
of theabove patterns

evaluate the three-dimensional theoretical model. It consisted-ef

Journal of Applied Mechanics

PROOF COPY 004402AMJ

MARCH 2004, Vol. 71 / 3



PROOF COPY 004402AMJ

Straight Spiral Flat
L= i5em Vie 1835mE L= Boer Vis 1.553m5 L= 45cm: Vi= 2 380
o / i 0
/ ¢
f i
B85 ;L O.5
b
| }
3
g 3 x §’ JCRS
N i
A8 | 3 A5E
/
{
5 1
- 2
| !
05 0 25 08 0 05 08060402 0 02
Y {mi Y imy Y iny
Flip Secesaw Flip-Flat
L= 15om; Vi= 2874mis L= 150 Vis 1.379mis L Boy; Viz 2 394mis
(433 i1 7
£
08 k- 45 f
/
&
¢
— - 3 f
g -1 ' ;
N ]
154 f A5k :
i
) f K3 ;

8060402 0 02
¥ {m)

050402 0 02 04 060402 0 0204

Yimy

¥ {m}

Fig. 3 Cylinders’ track patterns observed during CYDEX

Negative x (Nose-Up: Cylinder #2 (=12.10cm, p Xo=0, Yo=0, zo=0, Uy=0, vo=—-0.75 m s
=1.67gcm ®) with y=—1.00 cm is injected to the water with
the drop angle 30 deg. The physical parameters of this cylinder Wo=-0.67 m s, (300)
are given by
#10=0, =24 deg, ¢3=—96 deg, wio=0,
m=254.2 g, J,=271.3 g cm, J,=J;=3312.6 g cr. wy=—5.08 S, w3=0.15 s*.

(30e)

Undersea cameras measure the initial conditions

4 | Vol. 71, MARCH 2004
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The predicted cylinder’s translation and orientation are compared
with the data collected during CYDEX at time stgjgsg. 5). The
simulated and observed tracks show flip-spiral pattern. The flip
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Table 3 Trajectory patterns for nose-down dropping (x>0)

Cylinder Length(cm) 15.20 12.10 9.12
x (cm) 1.48 1.00 0.58
Drop angle 15 deg Straigiit) Straight(1), Spiral (1) Spiral (2)
Slant-straighit (3) Slant-straight (2) Straight-slant(1)
Slant-straight(1)
Drop angle 30 deg Straigltf) Slant(1), Spiral (1) Spiral (5)
Slant-straighit (4) Straight(1)
Slant-straight (2)
Drop angle 45 deg Slaht(2), Straight(1) Straight(1) Spiral (4)
Slant-straight(1) Spiral (2) Slant-spiral(1)
Straight-spiral(1) Straight-spiral(1)
Slant-straight(1)
Drop angle 60 deg Straigtit (5) Straight (3) Spiral (4)
Straight-spiral(1) Straight-spiral(1)
Straight-slant1)
Drop angle 75 deg Straigtit (5) Straight(2) Spiral (2), Slant(1)
Straight-spiral(3) Straight-spiral(2)

occurs at 0.11 $0.13 9 after cylinder entering the water in thedrag and lift forces and their moments in the F-coordinate, and

experimen{mode). After the flip, the cylinder spirals down to the the cylinder's moments of gyration in the M-coordinate.

bottom. (2) Usually, the momentunimoment of momentujnequation

for predicting the cylinder’s translation velocifprientatior) is

represented in the E-coordinafé-coordinate system. Transfor-

5 Conclusions mations_ among tht_a three coorqlinate systems are used to convert
the forcing terms into E-coordinaté-coordinate for the mo-

(1) Triple coordinate systems are suggested to predict theentum(moment of momentuinequation. A numerical model is
translation and orientation of falling rigid cylinder through watedeveloped on the base of the triple coordinate transform to predict
column: earth-fixed coordinatéE-coordinatg cylinder’s main- the cylinder’s translation and orientation.
axis following coordinate(M-coordinat¢, and hydrodynamic  (3) Model-experiment comparison shows that the model well
force following coordinatgF-coordinatg It simplifies the com- predicts the cylinder’s translation and orientation. However, the
putation with the body and buoyancy forces and their moments performance of the numerical model fg=0 is not as good as for
the E-coordinate system, the hydrodynamic for¢asch as the y#0.

Experiment Model

N N

Z (m}

¥ (m) - - Y (m)
X (m) X (m)

Fig. 4 Movement of Cylinder #1 (L=15.20cm, p=1.69 g cm ~3) with x=0.74 m and drop angle 45 deg obtained from  (a) experi-
ment, and (b) recursive model
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Experiment

Z (m)

Y (m) ’ Y (m)
X (m} X {m)

Fig. 5 Movement of Cylinder #2 (L=12.10cm, p=1.67gcm~°) with xy=—1.00 cm and drop angle 30 deg obtained from (&)
experiment, and (b) recursive model
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